In Gram-negative bacteria, the outer membrane has a unit membrane-type structure, covering the outer surface of the murein layer that encloses the entire cell as a rigid, shapemaintaining network (1). The lipoprotein exists in the outer membrane in two different forms, free and bound; the latter is attached to the murein by a covalent bond (2-7). Braun and his associates have presented evidence suggesting that the bound form of the lipoprotein extends into the outer membrane and the lipid portion at its amino terminus is embedded in the hydrophobic matrix of the outer membrane (5). The following hypotheses have been presented concerning the biological significance of the lipoprotein in the cell surface structure: (i) it is involved in the process of cell envelope assembly (5); (ii) it is involved in the process of cell division (8, 9); and (iii) it is necessary for the passive transport of small molecules through the outer membrane (10).
In Gram-negative bacteria, the outer membrane has a unit membrane-type structure, covering the outer surface of the murein layer that encloses the entire cell as a rigid, shapemaintaining network (1) . The lipoprotein exists in the outer membrane in two different forms, free and bound; the latter is attached to the murein by a covalent bond (2-7). Braun and his associates have presented evidence suggesting that the bound form of the lipoprotein extends into the outer membrane and the lipid portion at its amino terminus is embedded in the hydrophobic matrix of the outer membrane (5) . The following hypotheses have been presented concerning the biological significance of the lipoprotein in the cell surface structure: (i) it is involved in the process of cell envelope assembly (5); (ii) it is involved in the process of cell division (8, 9) ; and (iii) it is necessary for the passive transport of small molecules through the outer membrane (10) .
We have searched for mutants involving the lipoprotein, with the expectation that study of such mutants might contribute toward an understanding of the structure and function of the outer membrane and the mechanisms of growth and division of Escherichia coli. This report describes a mutant of E. coli that lacks the lipoprotein but grows and divides normally.
MATERIALS AND METHODS
Bacterial Strains. The following strains of E. coli K12 were used: KL208 HfrB7 (obtained from B. J. Bachmann) (11); JE5519 F-aroD man argE lac gal str nalA recAl; JE5507 FaroD man argE lac gal str spc; JE5508 F-Ipo argE lac gal str spc; JE5511 Hfr Cavalli 1pm man pps; JE5514 F-lpo his proA argE thi gal lac xyl mtl tsx; JE5512 Hfr Cavalli man pps; JE5513 Hfr Cavalli lpo man pps; JE5505 F-lpo pps his proA argE thi gal lac xyl mtl tsx; JE5506 F-pps his proA argE thi gal lac xyl mtl tsx; and JE5504 Hfr Cavalli man aroD pps.
Culture Media. Broth and L-agar media were used (12) . Minimal medium (13) supplemented with 0.1% (wt/vol) methyl-f-D-glucuronide (a gift of Chugai Pharmaceutical Co. Ltd., Tokyo) was used to score the uidA mutation (14) .
Transduction. Transduction was carried out with Plkc, essentially as described by Lennox (12) .
Assay for Lipoprotein Messenger Activity. Activity of the messenger RNA for the lipoprotein was examined by using the in vitro system for protein synthesis described previously (15, 16) . The RNA was prepared as described previously (15) , except that chloramphenicol and sodium azide were added at 200 mg/ml and 20 mM, respectively, to the culture at harvest, and at 100 ,ug/ml and 10 mM, respectively, to the medium for lysozyme treatment, and that the fractionation with sodium acetate was omitted. The protein synthesis was directed by 40 absorbance units of RNA in the presence of 20,Ci of '4C-labeled amino acid mixture (New England Nuclear, algal type) plus 0.02 ,umol of each of the 20 amino acids in a 1-ml reaction mixture including other constituents necessary for protein synthesis (15) .
The lipoprotein was precipitated with anti-lipoprotein serum obtained from a rabbit immunized by injection of a suspension, in Freund's adjuvant (Difco), of lipoprotein prepared by trypsin treatment of the murein-lipoprotein complex (7) . The serological precipitate was washed thrice with 0. 1% (wt/vol) sodium dodecyl sulfate (NaDodSO4)/0.15 M NaCl/10 mM phosphate buffer, pH 7.2/0.1 mM EDTA/0.08% (wt/vol) each of amino acids and then dissolved with 0.1 ml of 1% NaDodSO4 in 10 mM phosphate buffer (pH 7.2) at 90°for 2 min. The dissolved material was diluted to 1 ml with 10 phenotypes of Ipm -and of the wild type, respectively. There were two interpretations for this result: either Ipm was dominant over its wild-type allele, or the F' did not contain the wild-type allele, lpm+. Therefore, transduction with Pi was carried out by using one of the merodiploids carrying man-, lpm-, aroD+, pps-/exF' (man+, aroD+, pps+) as a donor and a recipient carrying man-, aroD , Ipm+. Nine transductants selected for both man+ and aroD+ were examined by NaDodSO4/gel electrophoresis, as described in the legend to Fig.  1 . Six lacked lipoprotein, two were wild type, and one had the lpm-phenotype. To trace back to the origin of this mutation, the first merodiploid constructed by the cross between HfrB7 and JE5519 was examined by transduction. This merodiploid (recAI-, man-, aroD-/exF', man+, aroD+) and a lipoproteinless derivative carrying aroD were the donor and recipient, respectively. All of the 54 transductants selected for aroD+ lacked lipoprotein. These transduction experiments suggest that the mutational event occurred at the time of F' production and indicate that its locus is close to aroD. This mutation will be referred to as ipo (abbreviation of lipoprotein zero).
The ipo mutation is recessive to its wild-type allele and does not complement with 1pm as seen from the phenotypes of the F' merodiploids. The ipo mutation is presumably a deletion extending over two loci, Ipm and a hypothetical structural gene, Ipp, coding for the polypeptide of the lipoprotein and probably existing adjacent to 1pm. It is possible that these genes were deleted together when the F' was produced. Frequent chromosomal aberrations of the known F's have been reported (11, 19 Fig. 1 . In the preparation of ipo (Fig. if) , all the bands disappeared except for a thin band that was probably due to the lysozyme used to digest murein. The simultaneous disappearance of every band in the ipo is compatible with our previous interpretation that the bands exhibited by the wild type or the Ipm contained the lipoprotein as a principal protein component (17, 18) .
The analysis was extended to the investigation of the free form. The sarcosylate-soluble fraction was removed prior to the solubilization of the outer membrane with NaDodSO4. As demonstrated in Fig. la and b (Fig. 2B) . In contrast, the RNA derived from the parental strain directed synthesis of the lipoprotein ( Fig. 2A) , where the amount of radioactivity incorporated into the lipoprotein represented 1 of growth conditions, the ipo mutant cell multiplied at the same rate as the isogenic Ipo+ strain. The growth was normal in Penassay or L-broth and in a minimal medium with glucose as a carbon source. Colonies of the mutant were indistinguishable, in size and morphology, from those of the wild type on the nutrient agar plates in the temperature range 25°to 420. However, the mutant colonies became dark when they were kept at room temperature for a week. The ipo mutant and isogenic wild-type bacteria were equally susceptible to infection with bacteriophages, T1, T2, T3, T4, T5, T6, T7, X, 080, P1, and P2. F+ derivatives of the ipo mutant were sensitive to fl, f2, and MS2, as in the wild-type strain. The receptors for these bacteriophages are assumed to be unchanged by the ipo mutation.
Sensitivity to EDTA or Cationic Dyes. The inhibitory effect of NaDodSO4 and deoxycholate on growth was greater in the ipo mutant than in the isogenic wild-type strain. The ipo mutant was more sensitive to EDTA, acriflavin, and ethidium bromide than the isogenic wild type, and the difference in growth inhibition between them was conspicuous both on solid and in liquid media. The addition of 1 mM EDTA to the cell suspension of the mutant caused a rapid decrease in turbidity due to cell lysis within a minute, even at 00. The simultaneous addition of Mg2+ neutralized the effect of EDTA.
Leakage of Periplasmic Enzymes. The loss of the lipoprotein may change the properties of the outer membrane and affect the ability of the cell to retain periplasmic substances. The activities of periplasmic enzymes leaked into the culture medium and those retained by the cells were quantitated with respect to ribonuclease I (ribonucleate 3'-pyrimidinooligonucleotidohydrolase, EC 3.1. also measured as a reference (data not shown). The leakage of the periplasmic enzymes was considerable in the mutant in comparison with the isogenic wild type. This is thought to be the direct consequence of the Ipo mutation, indicating that the lipoprotein plays a role in maintaining these enzymes within the periplasmic space.
Passive Transport of j-Galactosidase. The possible effect of the Ipo mutation on passive transport was investigated by the measurement of the "crypticity" of fl-galactosidase activity (21) .
The method is based on the difference in permeability for ,Bgalactosides exhibited by the bacterial cell, with and without toluene treatment. Table 2 , the strain (JE5514) carrying F-man+, Ipo-, aroD+, pps+ was used as a donor and the strain (JE5504) carrying Hfr Cavalli man-, Ipo+, aroD-, pps-was used as a recipient. The majority of transductants that received the donor markers man and aroD also received Ipo.
It is concluded, therefore, that the location of the Ipo locus is about 36.5 min on the E. coli map (23) (8) . Isolation of E. coli mutants with a decreased amount of lipoprotein has been reported (9, 32) . The low level of bound-form lipoprotein and the thermosensitivity in one of the mutants were shown to be due to independent mutations (32) . However, a strict correlation between the level of lipoprotein and lethality was demonstrated in the other mutant (9) . It should be stressed that all of these mutants still contain a considerable amount of lipoprotein. In view of the fact that our lpo mutant, containing no lipoprotein, can divide without showing morphological abnormality, it is unlikely that the decrease in the lipoprotein causes the abnormal growth or septum formation in the previously reported mutants (8, 9) . We would suggest that the thermosensitive mutant of Torti and Park (9) is defective in a vital regulatory process that also controls the level of synthesis of lipoprotein.
A hypothesis has been presented that lipoprotein may form channels for passive transport in the outer membrane (10) . The results described in this report do not support this hypothesis, unless other bypassing mechanisms rescue the defect caused by the loss of lipoprotein.
The mutant is expected to be useful not only in studies on cellular envelopes but also in various other investigations. For example, it will offer a means for gentle cell lysis without the use of lysozyme or penicillin. The mapping location of ipo is now established and it is possible to combine ipo with the other relevant mutations by genetic techniques.
Note Added in Proof. The 1pm mutation cited in this article was later found to be a mutation of the structural gene for the lipoprotein.
